The excited state dynamics of 1,3,5-trithia-2,4,6-triazapentalenyl ͑TTTA͒ was investigated by using femtosecond luminescence spectroscopy. The luminescence was measured in low and high temperature phases of TTTA between 1.42 and 1.2 eV. Only in the low temperature phase, we observed a broad luminescence band with a decay time constant of 1.6 ps in all energy range. This decay time constant suggests the existence of a large nonradiative relaxation path in the low temperature phase. Fast depolarization of the luminescence was also found, suggesting that an energy transfer between charge transfer excited states with different orientations are large and a few kinds of lattice distortion exist in this system. DOI: 10.1103/PhysRevB.74.193104 PACS number͑s͒: 78.47.ϩp, 71.35.Ϫy The photoinduced phase transition ͑PIPT͒ has been attracting much attention and various kinds of materials which exhibit the PIPT were found recently.
The photoinduced phase transition ͑PIPT͒ has been attracting much attention and various kinds of materials which exhibit the PIPT were found recently. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] For understanding the PIPT phenomenon, the research on photoexcited states is important because of the photoinduced structural phase transition being induced by the cooperative rearrangement of the atomic positions in the excited states. As for 1,3,5-trithia-2,4,6-triazapentalenyl ͑TTTA͒, the photoinduced magnetic and structural phase transition accompanied with disappearance of spin-Peierls ordering has been reported. [9] [10] [11] The observed steady state luminescence with a Stokes shift suggests the existence of the excited state with lattice relaxation. 11 Therefore, the investigation on metastable states with lattice relaxation and its dynamics by the time resolved luminescence spectroscopy is a first step to clarify the PIPT mechanism in TTTA. In this paper, we study the luminescence dynamics and its polarization characteristics, which provide information on the excited states and their relaxation processes.
The organic radical TTTA shows a magnetic phase transition with a large hysteresis loop over the temperature range from 230 to 305 K. 12 The high temperature ͑HT͒ phase consists of a uniform one-dimensional stacking of radicals and is paramagnetic, while the low temperature ͑LT͒ phase is diamagnetic because of strong dimerization of TTTA molecules along the stacking direction. 12 The definition of the polarization refers to this stacking axis in the following. The charge transfer ͑CT͒ absorption bands locate at 1.8 and 2.1 eV in the polarization parallel to the stacking axis and at 2.0 eV in the polarization perpendicular to the stacking axis in the LT phase ͓see Fig. 2͑b͔͒ . 13 In the HT phase, the absorption bands lie at 1.75 and 2.1 eV in the polarization parallel and perpendicular to the axis, respectively. 13 Under irradiation of visible laser pulse, the PIPT from the LT phase to the HT phase has been observed above the threshold excitation density of 10 20 -10 21 photons/ cm 3 at room temperature. [9] [10] [11] The HT phase of TTTA crystals were synthesized by the method described in Ref. 14. The LT phase crystals were prepared by cooling these HT phase crystals in a He gas flow cryostat at 100 K. The time-resolved luminescence measurements were performed using the up-conversion technique.
The samples were excited at photon energies of 1.82 eV and 2.15 eV from an optical parametric amplifier pumped by regenerative amplifier pulses and 1.55 eV from fundamental laser pulses at a repetition rate of 200 kHz. These energies were fixed to the low and high energy CT absorption peaks for the polarization parallel to the stacking axis in the LT phase as shown in Fig. 2͑b͒ . The temperature was kept at 296 K or 250 K during the measurements, which are within the hysteresis loop. The average excitation power was 0.5 mW corresponding to the excitation density of 3 ϫ 10 17 photons/ cm 3 , which is smaller than the threshold density of the PIPT. The luminescence from the sample was collected by paraboloidal mirrors and mixed with the amplified fundamental pulses in a nonlinear crystal. Owing to the type I phase-matching condition, only one polarization component of the luminescence was converted into a sum frequency light. Then it was focused into a double grating monochromator and was detected by a photomultiplier tube ͑Hamamatsu Photonics R585͒ combined with a photon counter. For the polarization measurement we rotated the sample and the polarization of the excitation light at the same time. Therefore the detection sensitivity did not depend on the polarization of the luminescence. The polarization ambiguity originating due to the paraboloidal mirrors was order of 1%. The time intervals of measurements were 33.3 fs and the overall time resolution ranged from 90 to 130 fs, depending on the condition of the sample surface. The spectral response of the system was calibrated by using a tungsten standard lamp.
In steady state luminescence measurements, an Ar ion laser was used as an excitation source and the excitation photon energy was 2.41 eV. The luminescence was monochromatized by a single grating monochromator ͑Acton SpectraPro-500͒ and was detected by a cooled chargecoupled device ͑Princeton LN/CCD-1100PF͒. Figure 1 shows the time dependence of the luminescence intensity in the LT and HT phases measured at 296 K under 1.82 eV excitation. The sample temperature was kept at 296 K, where both the high and low temperature phases are stable. The ordinate scale is proportional to the number of photons per unit energy interval per second. The background level was determined from the average intensity of the signal in an interval of 2 ps before the time origin and subtracted from the data. In the HT phase the lowest absorption peak assigned to the CT excitation lies at 1.75 eV as shown in Fig.  2͑b͒ and the pump pulses excited this band. 13 As can be seen in Fig. 1 , the decay profiles depend on the phase of TTTA. In the HT phase, only a small signal is found around the time origin, while in the LT phase a time evolution of luminescence is clearly observed. These results show that there is a large difference between the HT and the LT phases concerning the excited states and the relaxation processes. We observed luminescence from 1.2 to 1.44 eV in the LT phase. Under excitation at higher photon energy of 2.15 eV, the time evolution of the luminescence in the LT phase crystal is similar to those observed in Fig. 1 . Hereafter, we focus on the luminescence of the LT phase.
As shown in Fig. 2͑a͒ , the decay curve at 1.35 eV can be fitted by a single exponential function with a decay time constant of 1.6 ps in the LT phase. The decay time constant is the same in the energy range from 1.2 to 1.44 eV.
Shown in Fig. 2͑b͒ are the luminescence spectrum in steady state ͑solid line͒ and the time-integrated luminescence intensity under 1.82 ͑open circles͒ and 2.15 eV ͑triangles͒ excitations, obtained by integrating the luminescence signal from 0 to 5 ps at a given luminescence photon energy. In up-conversion technique the second harmonic generation of 1.55 eV laser source gives a large background as a stray light in the monochromator. This background increases as the luminescence energy becomes close to 1.55 eV and limits the observation of the high energy tail of the luminescence above 1.44 eV.
Since the integrated luminescence spectrum agrees with the steady state spectrum, the time evolution of the luminescence reflects the dynamics of that observed in steady state measurements. For the isolated TTTA molecules in dichloromethane solution, a luminescence band appears at 1.77 eV, which is far away from 1.4 eV. Defects or impurities are also unlikely to be the origin of the observed luminescence, be- cause it rises up in a very short time ͑Ͻ130 fs͒ after excitation of the CT band. Energy transfer process from the CT excited states to other optical centers would take a longer time because it involves electron transport and trapping. Therefore we conclude that the low energy luminescence is intrinsic for the LT phase crystal. The peak of the steady state luminescence is located at 1.4 eV while that of the lowest CT absorption band lies at 1.8 eV, yielding a large Stokes shift of 0.4 eV, which indicates that a large lattice relaxation exists in the excited state of the LT phase. This suggests the existence of a self-trapped excitons ͑STEs͒ in the LT phase.
Since the expected radiative lifetime is usually longer than several nanoseconds in infrared region, the observed lifetime of 1.6 ps is regarded as a nonradiative one. This indicates that almost all of the relaxed excited states return to the ground state through a nonradiative relaxation path in all polarization conditions. Figure 3 shows the time dependence of the luminescence intensity measured at the photon energy of 1.35 eV in different polarization configurations. The luminescence is completely depolarized within 130 fs from the beginning of the excitation and does not depend on the polarization of the excitation light. This indicates that the excited states immediately lose the memory of the polarization of the excitation light.
Next, we consider the depolarized luminescence. The possible CT transitions and corresponding molecular rearrangement of the LT phase is schematically shown in Fig. 4͑a͒ . In this figure, the molecule pairs with a large overlap integral are shown. 13 All the CT absorption bands in any polarization directions are excited by the 1.82 eV photons, because each absorption band has a broad spectral width. For the polarization parallel to the stacking axis, there are two absorption bands located at 1.8 and 2.1 eV, which are assigned to the intradimer and interdimer CT transitions whose transition dipole is parallel to the direction of the column, respectively. 13 For the polarization perpendicular to the stacking axis, on the other hand, there is an absorption band at 2.0 eV, which is assigned to the CT transition occurring between the stacking columns ͓see Fig. 2͑b͔͒ . 13 Several configurations are possible for the CT excitons as shown by dashed ovals in Fig. 4͑a͒ A-C. If the CT excited state is created along the stacking axis, the direction of the lattice relaxation will be the same as the direction of the CT transition, because TTTA molecules move along this direction due to the attractive Coulomb force as shown in Fig. 4͑a͒ A and C. On the other hand, the CT excitation perpendicular to the stacking axis will yield the lattice relaxation in the perpendicular direction as shown in Fig. 4͑a͒ B. If the charges radiatively recombine on the same pair of molecules, the polarization direction should be conserved in luminescence. However, this is not the case in our experiment.
We propose a scenario for the depolarization processes of luminescence. Suppose tr as the time constant of the energy transfer between CT excitons in several dipole directions, STE as that of the STE generation, and cool as that of the system cooling. As the CT bands having different dipole ͑po-larization͒ directions overlap each other in energy, the energy transfer between the CT excited states will effectively take place. Since the TTTA crystal belongs to the triclinic system. 13 The directions of the dipoles are not orthogonal. This makes the dipole energy transfer possible between the CT excitons with different orientation. In addition the electron transfer can occur between CT excitons with different dipole directions as shown by Fig. 4͑a͒ A-C and the existence of multiple transfer path will accelerate the depolarizing process. The STE correspond to the quarter of the lattice vibration period and its typical time constant is several tens or a hundred femtosecond. The cooling of the photoexcited states has been observed as a decreasing of the luminescence bandwidth for the STE in Pt complex and the typical time constants are several picoseconds. 15 Here we can assume tr Ͻ STE Ͻ cool . The laser pulses generate the CT excited states along the direction of its electric field. These CT excited states obey a Boltzmann distribution in high temperature T el due to the excess energy and randomizations of the CT excitons occur within tr . Since T el can be larger than the energy difference between the CT exciton energies, the CT excitons in various directions will be uniformly distributed at the beginning. Then, the lattice relaxation takes place within STE , and the STE state is created before cooling of the excited states. After the STE generation, the orientations of the dipoles are fixed and the luminescence is radiated. Finally, almost all of the STE annihilate through the nonradiative relaxation path with a lifetime of 1.6 ps. This scheme enables us to interpret the completely depolarized luminescence with a large Stokes shift. The luminescence intensity depends on the oscillator strength and we can estimate that of STE by the polarized absorption spectrum. The intensity of the absorption peak polarized perpendicular to the stacking axis is about one half of that polarized parallel to the stacking axis as shown in Fig. 2͑b͒ indicating that the oscillator strength for both directions are in the same order. The relaxed excited states, i.e., STE, in each polarization will have the same order of oscillator strength, because the lattice distortion will not change the oscillator strength very much in each polarization. Thus the same intensity of the luminescence in each polarization suggests the same order of distribution of STE.
In the case of low excess energy, namely 1.55 eV excitation near the band edge, the luminescence intensity in each polarization was not the same. It was found that the luminescence intensity polarized parallel to the stacking axis was approximately two times of that polarized perpendicular to the stacking axis in either excitation polarization conditions. This result is consistent with the band edge lineup of the CT excitons parallel and perpendicular to the stacking axis.
The proposed adiabatic potential energy surfaces in the LT and HT phases at room temperature are schematically shown in Fig. 4͑b͒ . At room temperature, the potential minimum of the LT phase is higher than that of the HT phase in the ground state, because this temperature is very close to the upper edge of the hysteresis loop. In the excited state, a potential minimum corresponding to the STE state is located slightly below the CT excited state. The excited states generated in the LT phase relax to the potential minimum of the STE and finally almost all of them relax to the ground state through a nonradiative relaxation path within 1.6 ps ͑dashed arrow͒.
In conclusion, we investigated the excited state dynamics of TTTA crystal through the luminescence and its depolarization in femtosecond regime. In the LT phase, the timeevolution of luminescence with a time constant of 1.6 ps was observed. This time constant implies that a nonradiative relaxation is dominant as the relaxation path. From the fast depolarization of the luminescence, it is strongly suggested that the excited state dipole is depolarized immediately after the excitation through the energy transfer between CT excited states in various directions and then a few kinds of lattice relaxations take place in the LT phase of TTTA. It is desired to clarify the lattice distortion mode of STE and its dynamics.
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